A coupled stochastic model has been developed for the prediction of solidification grain structures in centrifugal casting. The present model consists of two schemes: the cellular automaton to simulate the evolution of solidification structure and the finite volume method to calculate the heat transfer. The present model has been applied to predict the evolution of solidification structures in centrifugal casting of Al alloys. The effects of mold rotation velocity, solute concentration, melt superheat and mold preheating temperature on solidification structures were investigated. In addition, the evolution of dendritic microstructures was also simulated using a modified cellular automaton model. The simulated results were in good agreement with those obtained experimentally.
Introduction
The solidification structure of castings is of great importance because of its role on mechanical properties. A fine equiaxed grain structure is required in order to obtain homogeneous and isotropic mechanical properties. It is well known that the centrifugally cast ingots are usually characterized by 'banding' phenomenon in which the distinctive structural discontinuity is featured. [1] [2] [3] The casting parameters that influence solidification structures can include the mold rotation velocity, the mold dimension, the mold preheating temperature, the pouring temperature of molten melt, and the alloy composition etc. Some experimental studies have been carried out to investigate the relationship between macrostructural morphology and involved casting parameters. 1, 2) However, the influences of casting parameters on solidification morphology and its theoretical and quantitative description are still far from clear understanding. Besides, it is also very important to understand the mechanism of grain structure formation in centrifugal casting in order to design optimum centrifugal casting conditions for obtaining a desired uniform structure.
Experiments are known to always suffer from the fact that a large number of experimental parameters must be carefully controlled simultaneously. Therefore, there is a considerable potentiality of computer simulation for this purpose. Over the last ten years, extensive efforts have been made to develop various kinds of deterministic and stochastic models to predict the evolution of microstructures in solidification of alloys. [4] [5] [6] [7] [8] [9] [10] Compared with deterministic models, stochastic models have the advantages of depicting graphically the structure features including grain shape and size. Several studies based on the stochastic cellular automaton technique have been reported to simulate the solidification grain structures formed in various casting processes. [11] [12] [13] However, no work has reported the prediction of solidification structures in centrifugal casting.
The purpose of the current study is to develop a new, coupled cellular automaton (CA) with the finite volume method to predict the structural evolution of Al alloys in centrifugal casting. The effects of mold rotation velocity, solute content, melt superheat and mold preheating temperature on the solidification structures were investigated. The dendritic microstructure was also simulated using a modified cellular automaton (MCA) model. 14) The simulated results were compared with those obtained experimentally. Figure 1 shows the schematic diagram of a vertical centrifugal casting equipment. Binary Al-Si and Al-Cu alloys with various solute contents of 0.0, 0.5, 1.0, and 2.0 mass% were prepared from high purity aluminum (>99.99 mass%), and master alloys for the addition of silicon and copper. The alloy was melted in a graphite crucible using a high frequency induction furnace. After reaching a required temperature, the melt was then poured into the steel mold with an inner diameter of 60 F mm, an outer diameter of 100 F mm and a height of 120 mm, which was preheated to a given temperature and rotated with various mold rotation velocities of 0, 50, 100, 200 and 400 rpm, respectively. The mold rotation velocity was measured by a tachometer. The melt pouring method with the aid of a stopper within a graphite crucible could avoid the slag layer on the free surface of the melt entering into the rotating mold, and get a nearly constant flow pattern.
Experimental Procedure
After solidification, the centrifugal cast ingots were sectioned horizontally at one third of the height from the bottom to avoid the appearance of the columnar grains growing from the mold bottom surface. After mechanically polished, the specimens of Al-Si and Al-Cu alloys were etched with Keller solution (75 ml HClϩ25 ml HNO 3 ϩ5 ml HF) and Tucker solution (92 ml H 2 Oϩ6 ml HNO 3 ϩ2 ml HF), respectively.
Model Description and Numerical Method

Nucleation and Growth Kinetics
In the present study, the continuous nucleation model was adopted in which two different Gaussian distributions were considered for describing the heterogeneous nucleation both on the mold wall and in the bulk liquid. The increase of grain density dn is induced by an increase in the undercooling d (DT ) according to the following Gaussian distribution: 15) ...... (1) where DT mn is the mean nucleation undercooling, DT s is the standard deviation, and n max is the maximum density of nuclei given by the integral of this distribution from 0 to ∞. Thus, the density of grains n(DT ) formed at any undercooling DT , is given by
The banding phenomenon in vertical centrifugal castings is accompanied by the distinctive structural discontinuity due to the existence of centrifugal force and fluid flow. Since the present model was not coupled with convection and assumed to operate without the bulk liquid flow, any nuclei or thin dendrites that were to be formed would stay in the same position. In order to compensate for the effects of centrifugal force and fluid flow on the bulk nucleation distribution in the different region of the casting, the bulk nucleation rule should be modified according to the nucleation mechanism under the centrifugal casting conditions. Several theories have been proposed to explain the origin of the nuclei for forming the exquiaxed zone in the unrefined alloys, such as the constitutional undercooling theory, 16) the free chill crystal theory, 17) the dendrite arm remelting theory, 18) the showering down theory, 19) and the dendrite fragmentation or termed grain multiplication theory. 20) It is firstly necessary to determine if all or only some of the proposed mechanisms are active and which ones are mainly responsible for the occurrence of the special structure features formed in the centrifugal casting. In conventional centrifugal casting, there must exist two stages: the violent turbulent flow stage in the teeming period and the stable flow stage in which the motion of the melt synchronizes with the rotating mold. Upon pouring the liquid into a rotating mold, a lot of crystals nucleate on the cold mold wall as a result of large thermal undercooling. These chill crystals grow out from the wall with a necked shape, owing to the solute segregation and subsequently detached through mechanical breakage or thermal fluctuations in the liquid. The effects of the violent convection and turbulence due to the melt pouring into the rotating mold enhance the crystal detachment and transport them into the bulk liquid. The deflection of columnar grains is frequently observed in the centrifugal casting. It is mostly due to the severe chill effect from the mold conditions and the relative movement between the liquid metal and the solidified metal. 13, 21, 22) Therefore, it is clear that the well-oriented dendritic columnar grains growing from the chill zone are also influenced by turbulent flow due to the relative movement between the liquid and the mold, broken or remelted into fine fragments, and dispersed into the flowing melt. It was assumed that the dominant nucleation mechanisms are the free-chill crystal mechanism as well as the dendrite fragmentation mechanism. All crystals formed in the initial stage of centrifugal casting experience a strong centrifugal field and have a tendency to float out radially. Accordingly, the motion of nuclei is affected by the turbulent flow and the centrifugal force in the initial stage. The former effect is basically proportional to the surface area of each crystal and the latter effect to the volume of each crystal. For larger crystals, which have lower area-to-volume ratios, the centrifugal force dominates and drives them to move outwards.
Conversely, the turbulence force for smaller crystals dominates and causes them to scatter far from the mold wall.
1)
Moreover, the crystals that located near the center could be expected to become further smaller and even disappear because of the remelting effect by the higher melt superheat in the center region. It is well known that the equilibrium liquidus of a crystal will decrease with the decrease of crystal size. This means that the bulk nucleation undercooling DT b , which is needed for a crystal becoming an active nucleus for growth, would increase as the crystal size decreases. Therefore, in the centrifugal casting, the mold rotation will result in that firstly the nucleation in the region far from the center increases, and secondly they could become active under a relative lower undercooling than that of the nuclei located near the center. The equiaxed grains survive as a result of the constitutional undercooling ahead of the columnar interface. Based on the mechanism proposed above, the modified bulk nuclei generation conditions were thus implemented: the nucleation density decreases, whereas the nucleation undercooling increases along the direction from the mold surface to the final solidification zone. For the sake of simplicity, the surface nucleation undercooling was assumed to be a constant value of 0.5°C. 23) The standard deviation DT s in Eq. (1) was chosen to be 0.1°C, so that all the potential nucleation sites would become active almost at one critical undercooling. The growth velocity of a dendrite tip at a certain undercooling and concentration in the melt was calculated using the KGT (KurzGiovanol-Trivedi) model. 24) The parameters used to evaluate the relationships between the growth velocity and local undercooling for Al-Si and Al-Cu alloys are given in Table  1 .
Nuclei formed either on the mold wall or in the bulk liquid were assumed to have a random crystallographic orientation within 48 classes. The preferential growth direction corresponds to ͗10͘ for cubic metals.
Classical Cellular Automaton
This work adopted a classical cellular automaton (CA) technique 14) to simulate the macrostructure in vertical centrifugal casting. The classical CA model for nucleation and growth simulation consists of (1) the geometry of the cells, (2) the state of the cells, (3) the neighborhood configuration, and (4) several transition rules that determine the state of a given cell during one time step. In this work, the calculation domain is divided into the uniform square arrangement of cells. Each cell is characterized by different variables (such as temperature, crystallographic orientation) and state (solid or liquid). The selected neighborhood configuration contains eight neighbors in the first layer configuration.
The cellular automaton evolves in discrete time step, and the state of a cell at a particular time is calculated from the local rule, such as the nucleation and growth kinetics. At the beginning of simulation, the nucleation sites both on the mold wall and in the bulk liquid were randomly set according to Eq. (1). The nucleation sites on the mold wall or in the bulk liquid were identified with a reference integer that related to a corresponding undercooling for nucleation. During one iteration loop of calculation, the change of a cell state from "liquid" to "solid" is initiated either by nucleation or by the growth of a solid cell. If a given liquid cell is a predetermined nucleation site and the local undercooling is larger than that which is necessary for nucleation, this cell becomes to a solid and its corresponding index is randomly defined to be an integer among 48 classes, which represents its crystallographic orientation.
Once a cell has nucleated, it will grow with a preferential direction corresponding to its crystallographic orientation and the growth velocity is determined by the local undercooling using the KGT model. When the growth front of a solid cell touches the center of its neighboring liquid cells, the neighboring cell transforms its state from liquid to solid and gets the same orientation index as the solid cell.
Macroscopic Thermal Transport
Considering the geometric symmetry in the cross section of the vertical centrifugal casting, the present model adopted a one-dimensional polar coordinate to calculate the temperature profile. The convective heat transfer in the melt was not considered. The governing equation for the one-dimensional polar coordinate transient heat conduction is given by ............. (3) where T is temperature, s is the density, C p is the specific heat, is the thermal conductivity, L is the latent heat of freezing, and f s is the solid fraction, respectively.
The boundary conditions at the casting/mold interface and the mold/air interface are given by (5) where is the heat fiux, T casting , T mold , and T air are the temperatures of the casting, the mold and the air at the mold sur- faces, and h cm and h ma are the interfacial heat transfer coefficients at the casting/mold and the mold/air interface, respectively.
It is apparent that the contact force between the melt and the mold will increase, and the air gap between them will decrease due to the existence of centrifugal force. This will then result in the proportional increase of the interfacial heat transfer coefficient. Thus, the interfacial heat transfer coefficients h cm with various mold rotation speeds of 0, 50, 100, 200 and 400 rpm were assumed to be 1 000, 1 200, 1 400, 1 800 and 2 600 W/m 2 K, respectively. The interfacial heat transfer coefficient at the mold/air interface h ma was considered to be 50 W/m 2 K. The governing equations and the boundary conditions shown in Eqs. (3) to (5) were solved by the explicit finite difference algorithm.
Coupling of the Cellular Automaton and the Finite Volume Method
The present macrostructure simulation model consists of two schemes: the cellular automaton (CA) to simulate the evolution of solidification structures and the finite volume method (FVM) in the one-dimensional polar coordinate to calculate the heat transfer in casting. Figure 2 indicates the schematic drawing of the calculation domain with control volumes (CV) coupled with CA cells. Considering the geometric symmetry, a half area was taken for the calculation domain to save the calculation time. As shown in Fig. 2 , the whole domain including the mold and the casting was divided into 100 semicircle annulus control volumes with a uniform thickness of Dr (Drϭ0.5 mm) for heat transfer calculation, and the CV within the casting domain was further divided into the uniform square CA cells for structure calculation. The total cell number was 141 680 and the cell size was taken to be 100 mm. For the sake of simplicity and the reduction of calculation time, the inner node CV scheme was adopted and the temperatures of all cells within a CV were assumed to be uniform. Based on the calculated temperature profile in the cells, the calculation of nucleation and growth was carried out by the classical CA model.
In order to reduce the calculation time, two kinds of time step were used one for CV temperature and the other for 6) where Dr CV is the CV thickness of the semicircle annulus, rC p is the volumetric specific heat and l is the thermal conductivity. (8) where DT L is the temperature recovered by one solidified cell, DH V is the volumetric latent heat and DS i CV is the area of the CV including the newly solidified cell. The temperature of the CV node is then recovered by the amount of latent heat released by the total newly solidified cells included in the CV. Using these updated temperatures, macroscopic heat transfer calculation can be continued. This series of calculation will be repeated until the end of solidification. The flowchart of the present calculation is shown in Fig. 3. 
Modified Cellular Automaton
A modified Cellular Automaton (MCA) model has been recently developed to predict the evolution of dendritic microstructures.
14) The MCA model accounts for the solute partition between liquid and solid, and solute diffusion in these two phases. It is assumed that the solid and liquid compositions at the solid/liquid interface are in equilibri- where D s is the diffusion coefficient of solute in solid. The zero-flux boundary conditions were used for the cells located at the surface of the calculation domain. An explicit finite difference scheme was applied to calculate the solute diffusion in both the solid and liquid phases. The thermal and physical properties used in the present calculation are listed in Table 2 . In addition, in the MCA model, the constitutional undercooling effect is incorporated on the equilibrium interface temperature. Therefore, the local undercoling DT (t n ) at time t n is given by
where T l is the equilibrium liquidus temperature, m is the liquidus slope, C 0 is the initial concentration of the alloy, and C(t n ) and T (t n ) are the concentration and the temperature of the liquid/solid interface at time t n , respectively. As the thermal diffusivity of metallic alloys is 3-4 orders of magnitude greater than the solute diffusivity, the kinetics for structural evolution can be assumed to be solute diffusion-controlled, and thus the thermal diffusion can be neglected at the microscopic scale. 25) The temperature field in the domain of microstructure calculation by the MCA model was therefore assumed to be uniformly cooled, which was obtained by the macroscopic temperature calculation (see the Sec. 3.3). Figure 4 shows the flowchart of (13) where V max is the maximum growth velocity obtained by scanning the growth velocities of all interface liquid cells during each time step and D l is the solute diffusion coefficient in liquid phase.
Results and Discussion
The present model was applied to simulate the solidification grain structures of Al-Si and Al-Cu alloys in vertical centrifugal casting. Figure 5 shows the simulated and experimental macrostructures of an Al-1.0mass%Si alloy solidified centrifugally with the various mold velocities of (a) 0 rpm, (b) 50 rpm, (c) 100 rpm, (d) 200 rpm, and (e) 400 rpm. The mold rotation speeds relate to the tangential velocities on the mold surface as 0, 150, 300, 600, and 1200 mm/sec, respectively. The figures in the left column indicate the simulated grain structures and the right ones the experimental results. Figure 5 (a) exhibits a typical conventional casting macrostructure in which three distinct zones could be observed: the chill zone near the mold surface, the columnar zone growing from the chill zone, and finally the equiaxed zone in the center. Comparing Fig. 5(b) with Fig. 5(a) , it could be noted that the equiaxed grain size in the center region of Fig. 5(b) is a little larger than that of Fig. 5(a) . Besides, the columnar zone is a little narrower in the Fig. 5(b) than that in the Fig. 5(a) . These are due to the fact that the decrease of the mold rotation velocity results in a little change of the bulk nucleation distribution in liquid. When the mold rotation speed increases to 100 rpm, the obvious equiaxed-tocolumnar transition occurs as shown in Fig. 5(c) . It could be seen from Figs. 5(c) through 5(e) that the higher the mold rotating speed was, the broader the second columnar zone developed. This trend shows that the equiaxed zone is not developed in the center region because there is no pile up of solute ahead of the primary columnar grains due to turbulent flow, and therefore no constitutional undercooling for the formation of the equiaxed zone. Thus, the equiaxed grains are formed in the initial solidification stage and affected by the centrifugal force. It also could be observed from these pictures that as the mold rotation speed increases, the equiaxed grain size becomes finer, and the primary columnar zone becomes narrower. In addition, the inclination of the primary columnar grains to the same direction of the mold rotation is observed. This means that a considerable fluid flow exists along the circumferential direction, since the columnar dendrites growing in a flowing melt tend to deflect towards the upstream direction.
Effects of Mold Rotation Velocity
13) It is considered to be due to the fact that as the mold rotation speed increases, the initial convention and turbulence in the liquid become more intensified, enhancing the detachment of chill crystals and arms of the primary dendritic columnar grains.
Moreover, during the floating period of detached crystals in the melt, they probably collide with each other and fracture into small. These fragments, in turn, act as new nuclei. The effects of increasing the mold rotation speed result in the increase of the bulk nucleation density and the finer equiaxed grain size.
In addition, the centrifugal force is known as to depend on the mold rotation velocity, which is given by (14) where f is the centrifugal force, m is the nucleus mass, r is the distance between the nucleus position and the center, and w is the rotation velocity. Accordingly, the centrifugal force would rapidly increase as the mold rotation velocity increases, which accelerates the bulk nuclei moving toward and pressurizing against the mold wall, and results in the thin primary columnar zone and the broad secondary columnar zone.
Effects of Solute Content
In order to investigate the effects of alloy composition on macrostructures in vertical centrifugal casting, both simulation and experiment were carried out on four different alloy compositions with a fixed mold rotation velocity of 200 rpm. Figure 6 indicates the obtained macrostructures: (a) 0.0 mass% Si, (b) 0.5 mass% Si, (c) 1.0 mass% Si, and (d) 2.0 mass% Si. The pictures in the left column indicate the predicated grain structures and the ones in the right the experimental results. As shown in Fig. 6(a) , there is no equiaxed zone in the centrifugal casting ingot of a high purity aluminum (Ͼ99.99 mass%). According to the free chill crystal theory, when pouring the high purity melt into the mold, the chill crystals formed at the cold wall could not grow out with the necked shape because of no solute segregation. It is thus very difficult for these chill crystals to be detached and transported by the convection and turbulence, resulting in few bulk nuclei in the melt. Therefore, the dendrites originated from the surface nuclei with a favorable orientation can grow in the direction roughly perpendicular to the mold wall and develop up to the center of the ingot, which leads to the fully columnar grain structure.
As shown in Figs. 6(b) through 6(d), the equiaxed and secondary columnar zones were formed in the concentrated region. As the concentration increases, the length of the primary columnar zone becomes narrower and that of the equiaxed zone becomes wider, and the grain size in the equiaxed zone becomes finer. These phenomena could be easily understood by the nucleation mechanisms and dendrite growth kinetics. As the concentration increases, the chill wall crystals would be more easily detached due to the increase of the solute segregation effect, which results in the increase of the bulk nucleation density. Furthermore, for the less concentrated alloys, the dendrite growth velocity is faster even under the same undercooling and the occurrence of heterogeneous nucleation in the bulk liquid becomes more difficult. Figure 7 26) presents the variation in number of grains per unit volume as a function of undercooling for two kinds of solute content C 1 and C 2 (C 2 ϾC 1 ). It is very clear that under any conditions, the nucleation density for higher concentration is larger than that for lower concentration. It is also worth to note that in case of solute concentration up to 2.0 mass% Si, the secondary columnar zone is replaced by the coarse exquiaxed grain structure as shown in Fig. 6(d) . This indicates that the dendrite arm remelting or breaking mechanism prevails. As the concentration increases over a certain amount, higher order arms of dendrites can easily form from a necked shape, as a result of the buildup of solute in the pockets between the dendrite arms. These necked arms are more likely to be detached as the results of the latent heat of remelting or coarsening, so-called the surface energy of remelting.
In order to further investigate the effect of concentration on the microstructure, the exquiaxed dendrite morphology of Al-Cu alloys with various solute contents were simulated by the modified cellular automaton (MCA) model. 14) Figure 8 shows both the simulated and experimental results. The figures in the left column are the calculated microstructures, and the right column the experimented ones. Comparing Figs. 8(a) to 8(c) , it is very clear that the solute content has a significant effect on the dendrite features: the higher the concentration is, the finer both the grain size and the dendrite arms are. It can be easily explained that for the higher concentrated alloys, the dendrite growth will liberate a larger amount of solute to the liquid near the solid/liquid interface, which will increase the interface instability. Therefore the side branching into the secondary arms becomes easier in the higher concentrated alloys, leading to the finer dendrite structures. Figure 8 also shows that the multi exquiaxed dendrite microstructures could be well reproduced by the MCA model. Schematic illustration of the variation in number of grains per unit volume, n, as a function of DT due to two different concentrations for a unstirred melt (C 2 ϾC 1 , P S and P R are the probabilities of segment formation and segment rotation, respectively). 26) tence of substrates in the melt that can act as nucleation sites. And second, there has to be sufficient undercooling to facilitate the survival and growth of the nuclei. The evolution of grain structures in vertical centrifugal casting is, therefore, closely related to the mold preheating temperature and the melt superheat. The effect of mold temperature on the macrostructure of an Al-1.0mass%Si alloy with a constant mold rotation speed of 200 rpm and a pouring temperature of 760°C is presented in Fig. 9 . The pictures in the left and right columns indicate the predicted and experimental solidification grain structures, respectively. It can be noted that with the increase of mold temperature, the length of secondary columnar zone becomes broader and the equiaxed grain size becomes finer. According to the previously reported experiments on the effects of the mold preheat on conventional solidification structures, an increase in the mold preheat temperature reduces the formation of chill wall crystals, and also reduces the likelihood of their survival as they are transported to the center of a casting. 27) Therefore, the bulk nuclei density would increases as the mold preheating temperature decreases. In addition, it is very obvious that the reduced mold preheat will cause an increase in the cooling rate within the casting. This effect will lead to an increase of the melt liquid viscosity and a decrease of the solidification time. Thus little time is available for the nuclei to move outwards in the case of low mold preheating temperature. Besides, the increase of cooling rate might cause an increase of the local undercooling in the melt, which benefits to a larger proportion of nuclei being activated, resulting in the fine equiaxed grain structure. Therefore, the low mold preheating temperature of 10°C exhibits a fine equiaxed grain structure, as shown in Fig. 9(a) , which indicates that a finer grain size is produced by a higher cooling rate. Figure 10 indicates the resultant macrostructures of an Al-1.0mass%Si alloy centrifugally solidified with a mold rotation speed of 200 rpm and a mold temperature of 70°C, and with various pouring temperatures: (a) 710°C, (b) 760°C and (c) 810°C. These different pouring temperatures are corresponding to the melt superheat of 50 K, 100 K and 150 K, respectively. The figures in the left column indicate the predicted structures and the ones in the right the experimental results. It can be seen from the figure that the pouring temperature of the melt has a significant effect on solidification structures. With the increase of melt superheat, the length of the second columnar zone increases, whereas the length of the primary columnar zone decreases. Besides, the grain size in the equiaxed zone becomes coarser. These trends could be easily understood in terms of an increased number of chill wall crystals or fragments formed and survived at lower levels of superheat, leading to a finer grain size. Moreover, as explained previously on the effect of the mold temperature, lower melt superheat would also cause an increase in the melt viscosity and a shorter solidification time. Therefore it is more difficult for nuclei to move outward under the low superheat condition, and this is the reason why the macrostructure with a high pouring temperature exhibits a broader secondary columnar zone and a narrower primary columnar.
Effects of Mold
Conclusions
In this study a new, coupled cellular automaton (CA) with the finite volume method has been developed for the prediction of the macrostructures formed in vertical cen- trifugal casting. The present model is based on a CA technique in two-dimensional right-angle coordinate for the structure simulation and the finite volume method in the one-dimensional polar coordinate for the temperature field calculation. The model can simulate the grain structures of centrifugal casting ingots with excellent computational efficiency. The microstructure simulation in the equiaxed zone with various solute contents was also carried out using a modified CA model, and the simulated results are in good agreement with those obtained by the experiment. It is ascertained that the dominant bulk nucleation mechanisms responsible for the formation of the equiaxed zone in the vertical centrifugal casting are the free-chill crystal theory and the dendrite fragmentation theory. The combination of the moderate mold rotation speed, low melt superheat, low mold preheat temperature and a slight higher solute concentration is useful to obtain the fine equiaxed grain structure in vertical centrifugal casting. 
